The transformation temperatures of shape memory alloy vary with the composition and processing and manufacturing conditions of the alloy. The purpose of the present study is to clarify the effects of cold working and heat treatment on various transformation temperatures, and to estimate probabilistically the transformation temperatures by means of a model. The shape memory alloy used was Ti-41.7Ni-8.5Cu (at%), and the transformation temperatures were measured by the differential scanning calorimeter method (DSC method). The effects of processing and heat treatment on the transformation temperatures were investigated by changing the cold working ratio (10-40%) and the heat treatment temperature (623-773K), respectively. As a result, the transformation temperatures were found to decrease with increasing cold working ratio. The transformation temperatures were also found to increase with increasing heat treatment temperature. Therefore, the transformation temperatures were modeled by considering quantitatively the effects of the cold working ratio and the heat treatment temperature. A probabilistic prediction formula was proposed so that the reliability of the prediction may be estimated quantitatively.
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INTRODUCTION
Ti-Ni-Cu alloys have been used in various fields because they have two unique functions: superelasticity and shape memory effect [1] [2] [3] . In the applications of shape memory alloys to actuators and heat engines, it is desired that the transformation temperature hysteresis is small in order to achieve rapid cyclic motion. As applicable alloys, the Ti-Ni-Cu system shape memory alloys are superior to other alloys such as the Ti-Ni system and the Cu system, and have been continuously developed as elements for energy conversion, because of their superior fatigue properties and corrosion resistance. From the viewpoint of thermal engine development, we have noted that the mechanical and functional properties of cyclic deformation behavior may be improved by adding copper to the Ti-Ni binary alloy, because the recovery stress increases with increasing Cu content, and both stress hysteresis and transformation strain decrease with increasing Cu content [4, 5] . Furthermore, copper addition is effective for decreasing temperature hysteresis.
The authors have already clarified that the most suitable com-position for realizing the required properties can be obtained at a Cu content of 8.5%. The development of a thermal engine requires transformation temperature data as fundamental design data for basic specifications. The purpose of the present study is to clarify the effects of processing on the transformation temperature. First of all, the effects of cold working and shape memory heat treatment on the transformation temperature of Ti-41.7Ni-8.5Cu (at%) are investigated experimentally and formulated deterministically. Then, the probabilistic prediction formula is proposed so that the reliability of the prediction by our proposed formula may be estimated quantitatively.
MEASUREMENTS
The composition of the alloy used was Ti-41.7Ni-8.5Cu (at%). The wire alloy in DSC experiments was 1 Fig.1 Figure 2 shows the effect of CW on the transformation temperature.
Four transformation temperatures AF, As, Ms and Mf, were measured by DSC under stress-free conditions. The transformation temperatures decrease with increasing CW.
As CW increases, it becomes more difficult to induce martensite transformation, but easier to induce reverse transformation. This is because the internal strain energy due to cold working accompanying the increase of dislocations changes the critical driving force required for the phase transformation.
Therefore, since the change of the transformation temperature may be considered to saturate together with the dislocation density due to cold working, the peak temperatures for both martensite transformation and reverse transformation, M*CW and A*CW, can be expressed by the following formula: scale parameter for CW. Figure  3 shows the influence of CW on the CW and reaches saturation.
It is considered that such a the transformation progress due to the increase in dislocations during cold working. Therefore, from the expressed as a function of CW by the following equation:
differences for the specimen with CW=30%, which is the standard CW used in engineering working and therefore was selected as the standard CW value in the model, for CW. Using Egs. (1) and (2), the effects of CW on transformation temperature can be expressed by the following equations:
where mAS, mAf, nMs and nMf are defined below:
mAS=(As-A*)/(Af-As),
We consider the scatter of various transformation temperatures quantitatively to discuss the reliability of the values predicted by Egs. well expressed by the 2-parameter Weibull distribution. The scale parameter is extremely small; namely, the scatter of the transformation temperature is found to be very small in Egs. (3) and (4) . Therefore, it is noted that the transformation temperatures can be well predicted deterministically by Egs. (3) and (4) without considering their scatter.
Next, the effect of the heat treatment temperature on the transformation temperature is shown in Fig. 5 , where M* and A* represent the peak temperatures for both martensite transformation and reverse transformation, and THT represents the heat treatment temperature.
It is found that both M* and A* increase linearly with the same slope with increasing THT. Temperature hysterests gradually becomes narrow and saturates with increasing THT. These behavior seen in Fig. 5 arise when strain energies in crystals are released through either rearrangement or disappearance of the dislocations generated during cold working by heat treatment, and hence the critical driving energy for both transformations change. Therefore, it can be understood that the effects of cold working on the transformation behavior are opposite to the effects of heat treatment temperature on the transformation behavior. Also in this case, using Egs. (1) and (2), the effect of THT on M*THT and A*THT can be expressed by the following equation:
where M*THT673 and A*THT673 are M*THT and A*THT for THT=673K, which was experimentally estimated to fit the heat treatment temperature of the Ti-Ni-Cu alloy used in this experiment and is therefore treated as the standard temperature for modeling. Figure 6 shows the effects of heat treatment temperature THT on the transformation temperature differences In addition, using Egs. (5) and (6), the effect of THT on transformation temperatures can be expressed by the following equations:
Now, let us consider the scatter of transformation temperature quantitatively to discuss the reliability of the values predicted by Egs. Figure 7 shows the Weibull plots of temperature is extremely small. Therefore, the transformation temperature can also be predicted deterministically by Egs.(7) and (8). Figure 8 shows the effect of CW on the reverse transformation heat energy, EA, and the transformation heat energy, EM. Figure 9 shows Figure 11 shows the effects of As and Mf on various figure indicates that As is related to the heat energy that is given off at the start of the reverse transformation, and that Mf is related to the heat energy remaining in the alloy at the end of martensite transformation.
Effects of Cold Working and Heat Treatment Temperature on Transformation Heat Energy
It can be inferred environment while reverse transformation occurs, and small scatter. Therefore, good predictions can be achieved by using these equations. (3), (4), (7) and (8). The results obtained are summarized as follows:
(1) The transformation temperatures, Af, As, Ms and Mf, decrease with increasing CW. The relationships between transformation temperatures and CW can be formulated as Egs. (3) and (4). (2) Both reverse transformation temperatures and martensite transformation temperatures show the same decreasing tendency with increasing CW that can be represented by Egs. (3) and (4). (3) The cold working ratio has the opposite tendency to the shape memory heat treatment concerning the effect on transformation heat energy. The behavior of transformation heat energy with increasing CW and shape memory heat treatment temperature can be represented by Egs.(9) and (10).
decrease with increasing Mf and As.
Xo predicted using modeling equations (3), (4), (7), (8), (9) and (10) can be well fitted by the Weibull distribution. Modeling equation (14) was derived to probabilistically predict various transformation temperatures and energies required for a heat engine. (6) Modeling equation (14), which can be used to analyze the confidence level and the reliability from the predicted transformation temperature and temperature hysteresis, can be applied to functional reliability design of a heat engine using shape memory alloy.
